The 18-km-diameter El'gygytgyn crater is located on the Chukotka peninsula, northeastern Russia. It represents the only currently known impact structure formed in siliceous volcanics, including tuffs. The impact melt rocks and target rocks provide an excellent opportunity to study shock metamorphism of volcanic rocks. The shockinduced changes observed in porphyritic volcanic rocks from El'gygytgyn can be applied to a general classifi cation of shock metamorphism of siliceous volcanic rocks.
INTRODUCTION
The El'gygytgyn impact structure is located in the far northeastern part of Russia (centered at 67°30′ N and 172°05′ E) in the Late Mesozoic Ochotsk-Chukotsky Volcanic Belt of Northeast Asia (Fig. 1) . The structure was discovered and described as a gigantic volcanic crater in 1933 (Obruchev, 1957) . The fi rst suggestion that this structure could be of impact origin was made by Nekrasov and Raudonis (1963) , but they searched in vain for coesite in thin sections of volcanic rocks from the crater rim and, consequently, concluded that the "El'gygytgyn basin" had a tectonic and volcanic origin. Zotkin and Tsvetkov (1970) included this structure in a list of probable terrestrial impact craters. Dietz and McHone (1976) studied satellite imagery of the structure and concluded that El'gygytgyn was probably the largest Quaternary impact crater preserved on Earth. Later, Dietz (1977) suggested that El'gygytgyn could be the source structure of the Australasian tektites. Gurov and workers visited the El'gygytgyn structure in 1977 and confi rmed its impact origin after fi nding shock metamorphosed rocks and impact melt rock (Gurov et al., 1978 (Gurov et al., , 1979a (Gurov et al., , 1979b . Investigations of the El'gygytgyn crater by this group continued into the 1980s and 1990s (Gurov and Gurova, 1991) . Further work was done by Feldman et al. (1981) , who gave a short description of the geology of the crater and its target. The main types of impact melt rocks and highly shocked volcanic rocks (named slags and pumices) were described. An average chemical composition of the crater target rocks was derived from the study of the compositions of volcanic rock pebbles from eleven locations on the beach of Lake El'gygytgyn. A preliminary geophysical investigation of the crater was carried out by Dabizha and Feldman (1982) . The geological structure of the crater rim was described by Gurov and Gurova (1983) and Gurov and Yamnichenko (1995) .
First age determinations for the El'gygytgyn impact crater were obtained by fi ssion track dating (4.52 ± 0.11 Ma; Storzer and Wagner, 1979) and K-Ar dating (3.50 ± 0.50 Ma; Gurov et al., 1979b) . Later fi ssion track work indicated an age for the crater of 3.45 ± 0.15 Ma (Komarov et al., 1983) . More recently, the 40 Ar dating method yielded an age for impact glasses of 3.58 ± 0.04 Ma (Layer, 2000) , in good agreement with some of the earlier results. Thus, the suggestion of Dietz that El'gygytgyn might be the source of the Australasian tektites (of 0.8 Ma age) was not confi rmed.
Although the impact origin of the El'gygytgyn structure had been recognized and confi rmed more than 20 years ago, an endogenic origin for this structure was once again proposed during the 1990s by Beliy (1982 Beliy ( , 1998 .
In recent years, the post-impact geological and climatic history of the area around El'gygytgyn crater and, especially, its sedimentary record, have been extensively investigated in a joint research program of the Alfred-Wegener-Institute, Bremerhaven (Germany), the University of Massachusetts, Amherst (USA), (cf. Brigham-Grette, 2002) . A 12.7-m-long core of lake sediments was studied for paleoclimatic information of this continental Arctic region (Brigham-Grette et al., 1998; Nowaczyk et al., 2002) . The dynamics and morphology of ice covering the Lake El'gygytgyn were studied with radar satellite data by Nolan et al. (2003) , who also speculated on the location of a possible central uplift buried by lake sediments.
Recently, petrographic and geochemical data on selected impact melt bombs, and related rocks from El'gygytgyn, have been reported by Gurov and Koeberl (2004) .
GEOLOGICAL BACKGROUND
The El'gygytgyn impact structure occurs in the Late Mesozoic Ochotsk-Chukotsky Volcanic Belt, specifi cally in the central part and at the southeastern slope of the Academician Obruchev Ridge of Central Chukotka. The crater forms a fl at-fl oored circular basin with a rim-to-rim diameter of ~18 km (Fig. 2) . The crater is one of the best-preserved impact structures on Earth with excellent morphological expression (Grieve et al., 1988; Dietz and McHone, 1976) . The crater fl oor, ~14 km in diameter, is largely covered by the nearly circular Lake El'gygytgyn, which is 12 km in diameter and up to 170 m deep in its central part; the lake is somewhat offset from the center of the crater rim. A complex system of lacustrine terraces surrounds the lake. The highest terrace is elevated ~80 m above the lake level, and the most modern terrace is 1-3 m high.
A central peak is not exposed on the recent surface of the crater fl oor, nor is it evident in bathymetric data of the lake bottom. However, from gravity measurements Dabizha and Feldman (1982) suggested the presence of a ~2-km-wide central peak underneath post-crater sediments, and centered relative to the crater outline. Nolan et al. (2003) suggested that the central uplift is centered within the outline of the lake, which, however, would offset the central uplift relative to the crater center. In contrast, recent seismic work cited by Melles et al. (2003) seems to confi rm that the central uplift is centered relative to the crater rim, not the lake. The geological structure of the crater is mostly known from the work of Gurov et al. (1978) , Gurov and Gurova (1983) , and Gurov and Yamnichenko (1995) . The crater is surrounded by an uplifted rim that has an asymmetrical cross section, with steep inner walls and gentle outer slopes. The average height of the rim, ~180 m above the lake level and 140 m above the surrounding area, was calculated from 24 radial morphological profi les. A low (10-14 m high), concentric outer feature at a distance of ~1.75 crater radii from the crater center was discovered during morphological investigations of the structure by Gurov and Yamnichenko (1995) .
The crater was formed in a sequence of volcanic rocks forming a monoclinic structure that dips to the east by angles of 6°-10°. The target rocks are weakly disturbed in the vicinity of the crater by a complex system of faults that extend to a distance of 2.7 crater radii (~24 km) from the center of the structure . The volcanic rocks of the crater area were described as the Pykarvaam and Milguveem series of the Late Cretaceous (Beliy, 1969 (Beliy, , 1982 Feldman et al., 1981) . 40 Ar- 39 Ar dating of some volcanic rocks of the crater area gave an age of 86 Ma (Layer, 2000) .
The stratigraphy of the volcanic country rocks was compiled from numerous sections of volcanic rocks exposed along the inner walls and outer slopes of the crater rim. The average stratigraphy for the largest part of the target area (SW, W, NW, N, and NE parts of the crater area) includes (from the top of the section): ignimbrites-250 m; tuffs and rhyolitic lava-200 m; tuffs and andesitic lava-70 m; and ash tuffs and welded tuffs of rhyolitic and dacitic compositions-100 m. Thus, rhyolitic ignimbrites, lava, and tuffs amount to 89% and andesitic lava and tuffs to 11% of the target composition.
Altogether, a package of 600 m of volcanic rocks is exposed in the crater walls and their outer slopes. The relics of a fl at-lying and 110-m-thick basalt sheet occur in the NE part of the crater rim, covering an area of 0.7 km 2 . While shocked basalt is only very rarely observed among the clasts of target rocks in melt Figure 2 . Schematic geological map of the El'gygytgyn impact crater, after Gurov and Gurova (1991) . The locations of some more important samples on the terraces, from which impact rocks were studied, are indicated by solid circles and sample numbers. breccias, we cannot exclude that this basalt sheet-at pre-impact time-covered at least some part of the target area.
Ignimbrites and rhyolitic and dacitic tuffs are the most abundant rock types of the crater basement. Mineral clasts and phenocrysts of those rocks are quartz, orthoclase/alkali feldspar (Or 80 Ab 20 to Or 60 Ab 40 ), and plagioclase, mainly of oligoclase and oligoclase-andesine (Ab 80 An 20 to Ab 70 An 30 ) composition.
Refractive indices of unshocked orthoclase are: n γ = 1.527-1.529, n α = 1.520-1.523, birefringence 0.007, and of plagioclase: n γ = 1.548-1.553, n α = 1.541-1.547, birefringence 0.007. Mafi c minerals are biotite and, rarely, amphibole and clinopyroxene.
Fine-grained matrices of lavas and tuffs are composed mostly of quartz and feldspars. Textures of lava matrices range from fl uidal glassy to fi ne-grained granular and spherulitic. Andesites and andesite tuffs contain phenocrysts and clasts of andesine (Ab 55 An 45 to Ab 60 An 40 ), clinopyroxene and amphibole.
Chemical compositions of the main types of volcanic rocks of the crater basement are presented in Table l . The average composition given in Table 1 was calculated on the basis of relative proportions of rock types that likely contributed to the target volume, as detailed above.
A somewhat different target rock sequence is indicated by exposures at the eastern and southeastern parts of the crater rim, where dacites as well as dacitic and andesitic tuffs are dominant.
Rocks of the crater rim do not display any characteristic shock metamorphic effects. Only weak cataclasis of these volcanic rocks is displayed in the NE parts of the crater wall. However, megabreccia is widespread in some areas of the inner crater wall, especially in the northern and northwestern sectors Gurov and Yamnichenko, 1995) .
Shock metamorphosed rocks and impact melt rocks occur in the El'gygytgyn crater as redeposited material in lacustrine terraces inside the crater and, locally, in terraces of little streams on the outer slope of the crater rim. Deep drilling has not yet been carried out in the El'gygytgyn crater; lithic impact breccia, suevite, and impact melt rock are expected from comparison with other impact structures to occur under the lake sediments in the central part of the crater.
The source of the impact rocks in the terrace deposits were ejecta that have been completely eroded. The original ejecta blanket was composed of lithic impact breccia, suevite, and impact melt breccia. The material is thought to have been transported to the areas of fi nal deposition in the terraces due to slumping off the rim, thus only covering short distances. Fragments of unshocked and shocked rocks are mixed together with fragments of impact melt rocks and impact melt breccias in terrace deposits. Fragments of shocked rocks are generally of irregular form and have generally not been rounded by disintegration of ejecta over short transport distances. Rounded cobbles and pebbles of impact rocks occur only in the recent terraces of the crater. The size of fragments of shock metamorphosed rocks and impactites ranges from 2 to 15 cm. Remnants of dark impact melt glass on the surface of some fragments of shocked rocks are evidence that they originally were part of suevite and/or impact melt breccia. Note: Major elements in wt%, rare alkalies in ppm. Number in parentheses indicates number of samples. 1-rhyolitic ignimbrite; 2-rhyolitic tuff; 3-rhyolite; 4-andesite, andesitic tuff; 5-rhyolitic ash tuff (lower horizon); 6-regional composition, based on the respective thickness of the various rock types in the target region.
Fragments of impact melt breccia in terrace deposits are up to 1 m in size. Aerodynamically shaped glass bombs occur together with shock metamorphosed rocks in the lacustrine terraces inside the crater and also in terraces of some streams around it. All types of impactite are generally fresh and most of them do not display signifi cant post-impact hydrothermal alteration and weathering.
SAMPLES AND METHODS OF INVESTIGATIONS
The samples (E series) for this study of shock metamorphism of volcanic rocks were collected by E. Gurov and E. Gurova during expeditions to the El'gygytgyn crater between 1977 and 1980. Additional samples (the "G" series) were studied by thin section only. Detailed sample descriptions are given in the Appendix.
The shock metamorphism of siliceous volcanic rocks was studied by investigation of the progressive shock-induced changes of quartz and feldspar phenocrysts and clasts of porphyritic volcanic rocks and tuffs. It is obviously diffi cult to investigate the shock-induced changes of the fi ne-grained matrices in the weakly to moderately shocked volcanic rocks, and at higher shock degrees the entire matrices are converted to glass. Accordingly, shock metamorphism of fi ne-grained matrix material of porphyritic rocks is evident only in strongly shocked volcanics and tuffs. Refractive indices of minerals and glasses were determined with the immersion method. Two main refractive indices were measured for shocked and unshocked feldspars: the highest n γ and the lowest n α , whereas n β was not determined. Refractive indices of quartz and feldspar minerals were used for the estimation of shock pressures of the rocks, using calibrations by Stöffl er (1974), Stöffl er and , and Langenhorst and Deutsch (1994) . Additional indications of shock pressure were obtained by X-ray diffractometry (following methods of Hörz and Quaide, 1973) . Determination of shock pressures included 3-4 measurements on separate quartz grains per sample. Measurements were also made of orientations of planar fractures (PFs) and planar deformation features (PDFs) in quartz by universal stage analysis. Additional PDF orientation measurements (on sample E963-12) were performed in Vienna in 2003.
The presence of high-pressure polymorphs of silica was determined by X-ray diffractometry on insoluble fractions of shocked quartz after their partial dissolution in hydrofl uoric acid. Coesite in diaplectic quartz glass of moderately to strongly shocked rocks was also identifi ed by optical microscopy in several thin sections.
Graphite is rare in volcanic rocks and, thus, also in the impact rocks of this crater. Isolation of shocked graphite from impact melt rocks was made by high-temperature alkaline dissolution of crushed samples, using the method described by Kashkarov and Polkanov (1970) . Crystal structural analysis of carbon phases was then carried out by X-ray diffractometry.
The chemical compositions of El'gygytgyn rocks are given in Tables 1-5. The composition of basement rocks and impact melt rocks was studied by wet chemical methods at the Institute of Geological Sciences of the Ukraine (Tables 1, 3 , and 4). The composition of some feldspar diaplectic and melt glasses ( Table 2 ) was studied by quantitative wavelength-dispersive microprobe analysis at the Natural History Museum in Vienna, using an ARL-SEMQ instrument (acceleration voltage 15 kV, beam current 20 nA). Data reduction was done with standard ZAF procedures. Major (and some minor) element compositions of 14 selected samples of shocked rocks, impact breccias, and impact glasses were determined by X-ray fl uorescence (XRF) spectrometry at the University of the Witwatersrand, and trace element composition of the same samples was analyzed at the University of Vienna by instrumental neutron activation analysis (INAA), following procedures described by Reimold et al. (1994) and Koeberl (1993) , respectively (Table 5) . Note: E963-3/1-1-orthoclase melt glass from moderately shocked rhyolitic tuff; E963-3/1-2-orthoclase melt glass, same sample; E963-14/1-2-orthoclase diaplectic glass from shocked dacite; E963-14/1-3-andesine diaplectic glass from the same sample; E963-14/2-2-andesine diaplectic glass from the same sample.
A classifi cation scheme for shock metamorphosed siliceous volcanic rocks was initially proposed by Gurov and Gurova (1979) . The classifi cation scheme for granitic rocks by Stöffl er (1971) was used for basic comparison, but the peculiarities of these porphyritic rocks and tuffs from El'gygytgyn had to be taken into account. It should be noted, though, that in some cases samples show characteristics of a variety of shock pressures within one specimen. This is common in impactites. Assignment of shock stages was done based on the majority of criteria belonging to one stage.
SHOCK METAMORPHISM OF SILICEOUS VOLCANIC ROCKS
Shock metamorphism of siliceous volcanic rocks is still poorly understood. A fi rst description of strongly shocked tuffs from the Sedan nuclear crater was published by Short (1968) . Shocked tuffs ejected from the Sedan crater are vesicular, glassy rocks of low density. Aerodynamic shapes of tuff particles were obviously formed during their ejection and fl ight. Clasts of quartz and feldspars in shocked tuffs preserve their initial shapes, but are transformed into glass or have low birefringence (Short, 1968) . In addition, shocked dacites were described from ejecta of the Acraman impact crater (Gostin et al., 1986; Williams, 1986) ; however, their role in relation to the impact rocks in this crater is still to be investigated. A rather detailed investigation of shock metamorphosed Deccan Trap basalts of the Lonar impact crater was made by Fredriksson et al. (1973) , who described progressive changes of main minerals by shock. Fracturing, formation of PDFs, and Note: Brief sample information: E908-6B-partially melted ignimbrite with phenocrysts of diaplectic quartz glass and melt glasses of feldspars in vesicular glassy matrix; E908-8B-as 908-6B; E908-14B-partially melted porphyritic rock with phenocrysts of diaplectic quartz glass with coesite; phenocrysts of glassy vesicular feldspars and vesicular matrix; E669-32B-partially melted porphyritic rock with phenocrysts of diaplectic quartz glass, glassy feldspars and strongly shocked pyroxene in vesicular glassy matrix; E908-11B-partially melted rhyolitic tuff; E908-16B-partially melted rhyolitic tuff with relics of layering, clasts of diaplectic quartz glass and melted feldspars in vesicular, glassy groundmass. E908-18B-as 908-16B. partial and complete isotropization were found in plagioclase. Fused plagioclase glasses and opaque, fi ne-grained masses after pyroxene occur in highly shocked rocks of the Lonar crater. Shock metamorphosed volcanic rocks from El'gygytgyn crater yielded the following information.
Shock Stage 0
Volcanic rocks and tuffs of shock stage 0 (0-10 GPa according to the classifi cation of Stöffl er [1971] ) do not exhibit any characteristic changes of their framework silicates that could be regarded as characteristic effects of shock deformation, at the scale of the optical microscope. The only microdeformation effect occasionally observed is weak kink banding of biotite phenocrysts, which, by itself, is not a shock-diagnostic deformation effect. Phenocrysts and clasts of quartz and feldspar sometimes are weakly fractured, but never contain PDFs and PFs. Shock pressures of 4 ± 2 GPa were determined for quartz of two large clasts of an ignimbrite from impact melt breccia in the northern part of the crater with the X-ray diffraction method proposed by Hörz and Quaide (1973) . Quartz in both samples is weakly fractured, and its refractive indices are not lowered.
The volcanic rocks from the crater rim and from megabreccias at the base of the northern slope do not display any traces of shock deformation at all.
Shock Stage I
Weakly to moderately shocked volcanic rocks with phenocrysts and clasts of shock metamorphosed quartz and feldspar belong to stage I, the upper limit of which is placed at shock pressures necessary for the transition of quartz into diaplectic glass (30-35 GPa).
Weakly to moderately shocked rocks preserve some similarities to their unshocked counterparts in hand samples. Shatter cones up to 2 cm long were observed on three samples of shocked rhyolitic tuff from the terraces in the southern and northeastern parts of the crater (El-1352 , El-1500 . The most noticeable sign of shock metamorphism of moderately shocked volcanic rocks is the conversion of quartz phenocrysts into whitish, brittle masses with a dense network of planar fractures (PFs), similar to narrow cleavage of feldspar. Sets of PFs and planar deformation features (PDFs) in quartz are visible in thin section (Fig. 3) . We measured the orientations of PFs and PDFs in quartz grains from several samples by U-stage (Fig. 4) . The PFs are parallel open fi ssures with spacings on the order of 5 µm. Their orientations are mostly parallel to {101 -1}, {224 -1}, {112 -2} and (0001) (Fig. 4A) . PDFs in quartz grains are always non-decorated. They are oriented parallel to {101 -3}, rarely {101 -2}, {101 -1} and {516 -1} (Figs. 4B-4D ). High-resolution scanning electron microscope images of PFs show that they are open fi ssures that separate neighboring blocks of a crystal with weak displacement and rotation. Refractive indices measured in some quartz grains are slightly lowered (n e = 1.548-1.550 and n o = 1.540-1.542) in comparison to normal values of unshocked quartz, and correspond to shock pressures of 25-28 GPa (Langenhorst and Deutsch, 1994) . Shock pressures in excess of 20 GPa were determined by measurements of X-ray asterism of various quartz grains from such samples following the method of Hörz and Quaide (1973) .
Orthoclase and plagioclase have lowered refractive indices and birefringence. Some feldspar grains in lavas and tuffs are weakly cataclastic (Fig. 5) . Biotite has kink bands and PDFs. The fi ne-grained matrix of these samples does not exhibit any noticeable signs of shock metamorphism.
More noticeable changes occur in volcanic rocks and tuffs shocked to 30-35 GPa. Systems of open cracks up to 2 cm long and 1 mm wide occur in some tuff clasts of 4-8 cm size (Fig. 6) . Quartz in rocks of this shock degree forms semi-transparent, opalescent grains with low refractive indices (1.493-1.475) and birefringence of 0.002-0.003, corresponding to shock pressures between 30 and 35 GPa (Langenhorst and Deutsch, 1994) . Numerous PDFs occur in all quartz grains (Fig. 7) . The {101 -2} system is dominant (Fig. 3) . High-pressure silica phases were also diagnosed in quartz from stage I. Stishovite was identifi ed in three samples of shocked rhyolite and rhyolitic tuff (samples E987-9, E699-a, and E699-11b) (Gurov et al., 1979a ) that had been shocked at pressures between 30 and 35 GPa. Grains of shocked quartz with stishovite are white, very fi ne-grained, brittle masses with refractive indices of 1.485 ± 0.002. Crystallites with high birefringence, up to 2 µm long and 0.5 µm wide in diaplectic quartz are interpreted as probable stishovite. X-ray patterns of such quartz contain weak main lines of quartz (d = 3.35 Å), stishovite (d = 2.95 Å) and coesite (d = 3.10 Å). X-ray patterns of insoluble residues after dissolution of these quartz fractions in hydrofl uoric acid correspond to Of 100 quartz grains, 51 were unshocked, 5 had one, 7 had two, 10 had three, 3 had four, 4 had fi ve, and 2 had six sets of PDFs, respectively (most of the rest were diaplectic quartz). Histograms A-C were measured in Kiev (3° binning) and histogram D was measured in Vienna (5° binning). those of pure stishovite. Coesite fractions were also isolated by partial dissolution of shocked quartz, but only low abundances of this mineral were found in quartz from volcanic rocks of stage I.
Orthoclase is extensively isotropized in these moderately shocked rocks. Its refractive indices range from 1.502 to 1.510 and birefringence is 0.002-0.003; complete isotropization is characteristic for the most strongly shocked rocks of this stage. An isotropic feldspar clast in tuff, with a composition of Or 55 Ab 43 An 2 , has a refractive index of 1.503 ± 0.002.
Polysynthetic twins are preserved in plagioclase phenocrysts and clasts, which have reduced refractive indices (n γ = 1.522, n α = 1.517) and birefringence values of 0.005. PDFs are only rarely observed in plagioclase, then being short and only occurring in specifi c twin lamellae.
Biotite contains kink bands and PDFs. Partial replacement of biotite by opaque material along fractures and PDFs is observed. X-ray patterns still correspond to that of normal biotite, but they also contain some additional peaks corresponding to magnetite.
Shock Stage II
Siliceous volcanic rocks that could be assigned to shock stage II (35-45 GPa) include some rhyolites, ignimbrites and tuffs, with phenocrysts and clasts of diaplectic quartz glass. The lower shock pressure limit of stage II was determined from the complete transformation of quartz into diaplectic glass, and the upper limit from the onset of formation of feldspar melt glasses.
Quartz in volcanic rocks and tuffs of stage II is transformed into isotropic diaplectic glass with refractive indices that range from 1.462 to 1.467. In some cases, remnant areas with low birefringence and relics of PDFs are visible in diaplectic glass. Segregations of coesite with high refractive index occur in some of these diaplectic quartz glass grains. Refractive indices of coesite measured are n γ = 1.594, n α = 1.590, and birefringence is 0.004. X-ray diffraction patterns of pure coesite were obtained in some instances. Stishovite was never identifi ed in diaplectic quartz glass from the volcanic rocks of this stage, in accordance with post-shock temperatures that are too high for its preservation. Thus, the upper limit for formation and preservation of stishovite in tuffs and volcanic rocks is ~35 GPa, which is somewhat lower in comparison with other crystalline rocks (Grieve et al., 1996) .
Orthoclase is completely converted into isotropic diaplectic glass, whereby phenocrysts and clasts preserve the initial shapes of the mineral grains (Fig. 8) . Roundish vesicles often occur in such phenocrysts. Refractive indices are 1.504-1.507, still higher than refractive indices of fused glass of orthoclase composition.
Phenocrysts and clasts of plagioclase partly preserve the crystalline state; polysynthetic twins are still visible. Oligoclase from ignimbrites has refractive indices of: n γ = 1.522-1.527, n α = 1.517-1.522, and birefringence of 0.003-0.005. Part of samples of shocked rocks of stage II contain diaplectic glass of plagioclase, with refractive indices ranging from 1.513 ± 0.001 to 1.517 ± 0.002.
Two types of shocked volcanic rocks are placed in the second shock stage: (1) porphyric rocks with phenocrysts of diaplectic glass of quartz and orthoclase, and phenocrysts of oligoclase with lowered refractive indices and birefringence; and (2) porphyric rocks with phenocrysts of diaplectic glass of quartz, orthoclase, and oligoclase. We suggest that the fi rst rock type was shocked in the range 35-40 GPa, whereas the coexistence of diaplectic glasses of quartz, orthoclase, and oligoclase in some rocks indicates their transformation at 40-45 GPa. These observations are in good agreement with data of Ahrens et al. (1969) , who stated, "Above the elastic limit, extending to ~300 kb and ~400 kb, transition regions of anomalously high compression are observed for microcline and oligoclase." Complete transformation of orthoclase into diaplectic glass at 32 GPa was determined by Kleeman (1971) . Biotite phenocrysts are replaced by fi ne-grained opaque masses of ore minerals, but still preserve their initial grain shapes. The fi ne-grained matrix of porphyritic rocks and the cement of tuffs are completely transformed into isotropic glass; however, glass without any signs of fl ow.
According to Stöffl er and Hornemann (1972), shock melting of feldspars takes place at pressures above 45 GPa. Thus, the upper boundary of stage II for volcanic rocks is at ~45 GPa.
The major and trace element composition of seven rocks belonging to this shock stage is given in Table 5 . Major element compositions of the samples are much more similar than the trace element contents. For example, silica contents vary from ~60 to 71 wt%, and most other major elements vary by not more than a factor of two to three (excluding MgO and CaO, which show more variation). On the other hand, contents of the siderophile elements (e.g., Cr, Co, Ni) vary by more than an order of magnitude. This is not likely due to signifi cant contents of an extraterrestrial component, as Ir contents are very low in El'gygytgyn impact glasses (see Gurov and Koeberl, 2004) . Lithophile elements (including the rare earth elements) show much less variation in contents that are fairly typical for volcanic rocks.
Shock Stage III
For siliceous volcanic rocks and tuffs, this shock stage is defi ned by the appearance of melted (fused) feldspars and fi negrained matrix, whereas phenocrysts and clasts of diaplectic quartz glass remain unmelted. Volcanic rocks and tuffs of the third stage are highly vesicular (Fig. 9) , inhomogeneous glassy rocks with relics of phenocrysts of diaplectic quartz glass and melted glasses of feldspars. Some lithic clasts have aerodynamic shapes. This indicates that these rock fragments were partially melted and viscous during their transportation through the atmosphere. Aerodynamically shaped bodies of strongly shocked tuffs ejected from the Sedan nuclear crater were described by Short (1968) . Tuff clasts sometimes preserve their layered structure, but often it is diffi cult to determine the original nature of rocks of shock stage III. The rocks have a low density, and some clasts fl oat in water.
Phenocrysts and clasts of quartz are converted into transparent diaplectic glass of the same refractive index as in rocks of stage II. Segregations and veinlets with high refractive indices abundantly occur in such diaplectic glass (Fig. 10A) . Detailed study of such material reveals that it represents coesite and secondary quartz. Kidney-shaped segregations of coesite form the central parts of the veinlets, while their marginal zones are formed by secondary quartz (Fig. 10B) . Thus, coesite is present in rocks of stages I-III of shock metamorphism of siliceous volcanic rocks. The occurrence of coesite in shocked crystalline rocks of stages I-III was described before by Grieve et al. (1996) . Orthoclase melt glass forms lensoid grains of transparent, highly vesicular, and colorless glass, with a refractive index of 1.488-1.492, which is lower in comparison with the refractive index of diaplectic orthoclase. The composition of this type of melt glass corresponds to a high content of normative orthoclase, with a content of ~17% of albite and a low content of normative anorthite ( Table 2 ). The presence of normative quartz up to 7.8% and corundum up to 2.8% within the glass is a probable consequence of the loss of alkali elements by evaporation. In comparison, composition of orthoclase diaplectic glass from dacitic andesite ( (Table 2) .
Plagioclase phenocrysts and clasts are highly vesicular, colorless melt glasses. Their forms vary and include irregular and lens-like shapes (Fig. 11) , but in some cases are the initial shapes of phenocrysts preserved. Plagioclase and potassium feldspar melt glasses are very similar in thin section, and their distinction is only possible by measurement of refractive indices. Refractive indices of plagioclase glasses range from 1.505 to 1.517.
Biotite is converted into fi ne-grained masses of opaque melt glass that is partly mixed with the matrix glass. Remnants of opaque phases may still occur. Phenocrysts of strongly shocked pyroxene occur in some rocks of shock stage III. These phenocrysts are recognized as dark, fi ne-grained matter with a refractive index of ~1.685. X-ray patterns correspond to augite, but contain additional peaks of magnetite. The density of shocked pyroxene is 3.24 g/cm 3 . Similar observations were reported for pyroxene from the Lonar Lake crater, shocked in the range of 40-60 GPa (Fredriksson et al., 1973) .
The matrix of stage III rocks is a frothy, highly vesicular glass of light-gray color with dark spots and schlieren. The glass has a fl uidal texture, with schlieren surrounding the few remnant phenocrysts or clasts of diaplectic quartz glass. Refractive indices of matrix glass vary from 1.485 to 1.500-1.505, and up to 1.530-1.540 in dark-colored schlieren and spots. Some micro-inclusions in glass have refractive indices of ~1.590. X-ray diffraction patterns of glassy matrix show only weak lines corresponding to d = 0.310 nm, the value for the main diffraction line of coesite.
In summary, the main shock effect in siliceous volcanic rocks of shock stage III is a selective melting of both feldspars and fi ne-grained matrices of quartz-feldspar-rich compositions. The post-impact temperatures are still lower than the temperature of quartz melting (1513 °C). High viscosity of the melt and rapid quenching during transportation of clasts in the atmosphere are responsible for the immiscibility of the feldspar melts and matrix melt. At the same time, softening of these highly shocked rocks contributed to formation of aerodynamically shaped bodies during their fl ight through the atmosphere.
The chemical compositions of highly shocked volcanic rocks and tuffs of shock stage III are mostly similar to the compositions of corresponding unshocked samples (Table 3) ; however, there are differences to the partially melted rocks. For example, the Fe 2 O 3 /FeO ratio of the partially melted rocks varies from 0.45 to 1.04, in comparison with ratios of 1.7-2.05 of corresponding unshocked rocks.
The upper boundary of shock pressures of the rocks of stage III is 55-60 GPa, corresponding to the shock pressure of melting of quartz and siliceous rocks according to Stöffl er (1971).
Shock Stage IV
For volcanic rocks and tuffs, this shock stage is represented by impact melt rocks and impact melt glasses, produced by complete shock melting of volcanic rocks and tuffs. At the current level of erosion, such rocks were found together with other shock metamorphosed rocks in terraces near the Lake El'gygytgyn.
Two main types of impact melt rocks occur in the El'gygytgyn crater. Massive impact melt breccia represents the fi rst type. Debris of impact melt breccia occurs within terrace deposits inside the crater. The second type of impact melt rock is represented by aerodynamically shaped glass bombs. Rocks of this type were formed by solidifi cation of melt particles during their transportation through the atmosphere. The occurrence of such glassy bombs is not restricted to the crater itself, but they were also found in terrace deposits of some streams on the outer slopes of the crater rim. Rare rounded glass pebbles occur in the terrace deposits of the Enmivaam River at distances of tens of kilometers from the crater (see Gurov and Koeberl, 2004 , for details).
Impact melt rocks and impact melt breccias occur as irregular clasts and lumps with maximum sizes of up to 1 m. The color of these rocks is dark gray or black. The rocks are composed of vesicular glass and clasts of highly shocked volcanic rocks, glasses, and minerals. Clasts have sharp contacts with the melt, and their abundance varies from 5% to 10% in impact melt rocks and up to 40%-50% in impact melt breccias. The matrix of impact melt rocks is vesicular glass that is transparent in thin section. Glasses are light gray, light brown, or colorless. Their fl uidal structures are locally enhanced by brown schlieren and trails. Fresh colorless glass has refractive indices between 1.505 and 1.512. Some cloudy areas of devitrifi ed glass are light brown in thin section. Their X-ray diffraction patterns have characteristic peaks of plagioclase, with the strongest line at d = 4.04 Å. Prismatic crystallites of pyroxene, up to 0.1 mm long, sometimes occur in the melt (Fig. 12) . Refractive indices of pyroxene are: n γ = 1.674 ± 0.003, n α = 1.658 ± 0.003. The main peaks of X-ray diffraction patterns are at 2.51, 2.13, 1.61 Å, corresponding to the pattern of diopside.
Clasts in impact melt breccias are predominantly particles of vesicular, black, gray, and greenish-gray glass, rarely less shocked fragments of volcanic rocks and tuffs. Inclusions of unshocked and weakly shocked rocks do sometimes occur. The size of such clasts ranges from millimeters to several centimeters; they generally have sharp contacts with the glass, which is further evidence for rapid cooling of the melt. Mineral clasts include-very rarely-unshocked quartz fragments, shocked quartz with PDFs, lechatelierite, and-rarely-quartz with ballen structure. Some very rare fragments of pyroxene and biotite, unshocked or weakly shocked, have also been recorded.
Rare grains of graphite and diamond-bearing graphite were extracted from these impact melt rocks. They are black, tabular, or irregular shaped grains that are 0.1-0.3 mm in size. X-ray diffraction patterns of some shocked graphite grains show that they have complex phase compositions; besides graphite, X-ray refl ections of lonsdaleite (at 2.18 Å and 2.06 Å) were observed, but pure lonsdaleite has not been identifi ed in the impact melt rocks of El'gygytgyn crater.
The chemical compositions of impact melt rocks (Tables 4  and 5 ) are similar to the compositions of target volcanic rocks, especially to the composition of rhyolitic ignimbrites of the upper level of the target stratigraphy (Table 1) . However, impact melt rocks are more reduced than their unshocked counterpart. The Fe 2 O 3 /FeO ratio is 0.64-0.66 in impact melt rocks, whereas it is 1.8-2.05 for unshocked volcanic rocks. The trace element composition of seven samples analyzed (Table 5) shows similar variations as discussed for rocks of shock stage II-lithophile elements show little to moderate variation, whereas siderophile elements show signifi cant differences between the various samples. The chondrite-normalized rare earth element distribution patterns (Fig. 13 ) of the various rocks show similar overall patterns with a variation in the extent of the negative Eu anomalies.
A more basic composition of impact melt rocks was determined from the lacustrine deposits in the southern part of the crater, where the silica content of melt rocks is as low as 63.92 wt% (Table 4 ). This possibly refl ects a more basic composition of target rocks in the southern and southeastern parts of the El'gygytgyn crater.
Glasses in the El'gygytgyn crater occur in the form of aerodynamically shaped bombs (Fig. 14) . The bombs have the forms of drops, ropes, cakes, and cylinders, and they rarely have irregular forms. The surface of bombs is rough and lusterless. Rounding of glass bodies from post-impact transportation by water is rare. Bomb diameters range from 1 to 15 cm and most of their masses vary from several grams to 500 g, but bodies of up to 2 kg have also been found. Deep open cracks are a main characteristic of the bomb surfaces. These cracks were probably formed by contraction of the melt during cooling and solidifi cation while in transit through the atmosphere (see Koeberl and Gurov, 2002; Gurov and Koeberl, 2004) .
The density of glass ranges from 2.40 ± 0.05 to 2.50 ± 0.05 g/cm 3 . The color of glass is black, rarely dark gray in hand samples, and colorless to pale yellow and brown in thin sections. Bands of brown glass enhance its fl uidal structure (Fig. 15) . Refractive indices vary mostly from 1.505 to 1.515, but reach up to 1.540 in brown glass. Glass is fresh and devitrifi cation is rare. Mineral inclusions in glass are shocked quartz, as well as diaplectic quartz glass with coesite and lechatelierite. The bombs are different in their morphology and appearance from those of partly devitrifi ed glasses of massive impact melt rocks.
Analyses of glass bombs from eight areas of the El'gygytgyn impact crater show only a limited range of compositions (Table 4 ) (see also Gurov and Koeberl, 2004) . The SiO 2 content varies from 68.60 to 71.48 wt%. The content of Na 2 O ranges from 2.66 Figure 11 . Lensoid grain of partially melted, vesicular feldspar glass in melted matrix (sample E908-22, 2.5 mm wide, parallel polarizers). Figure 12 . Impact melt rock with glassy matrix and prismatic microlites of pyroxene. Some areas of dark, basically opaque glass are extensively devitrifi ed. Grains (in the lower left) are vesicular lechatelierite and the large, dark clast (lower center) represents a shock metamorphosed mafi c particle (sample E985-60, 2.2 mm wide, parallel polarizers). to 3.16 wt% and that of K 2 O from 3.30 to 4.37 wt%. The compositions of the glass bombs are similar to the calculated average composition of the target (Table 1) , but the closest agreement is with the composition of rhyolitic ignimbrite of the uppermost part of the volcanic stratigraphy of the crater area. We assume that rhyolitic ignimbrites were the main source of melt for bomb formation during the earliest stage of impact melting of the target. A difference between the compositions of impact melt glass and volcanic country rocks are higher contents of MgO, CaO, and FeO and lower contents of alkali elements in the glass. One of the main characteristics of the glass composition is a low ratio of Fe 2 O 3 /FeO of 0.36 due to reduction in high-temperature melt.
Shock Stage V
A shock stage V for crystalline rocks was also proposed by Stöffl er (1971), involving silicate condensates formed as a consequence of vaporization processes in the innermost zone of the target. The glassy cover on the inner surface of voids in the impact melt rocks of the El'gygytgyn crater could be such silicate condensate. Some samples of vesicular impact melt rocks and impact melt breccias contain gaseous voids of irregular form and up to 1-1.5 cm in size. Their surface is covered with a colorless transparent glassy crust ~0.2 mm thick. Clusters of white glass up to 1 mm in size occur on the surface of the biggest voids (Fig. 16) MgO, CaO, P 2 O 5 -traces; in total-100.06%. There is no direct proof for a condensate origin of this glass, though formation of that glass by impact melting or by hydrothermal activity is likely problematic. Similar glassy condensates covering the surface of shocked rocks were described from the Rainer underground nuclear explosion (Rawson, 1968 ). An origin as condensate was Figure 13 . Chondrite-normalized rate earth element distribution patterns of selected impactites from El'gygytgyn, representing shock stages II and IV. Normalization factors from Taylor and McLennan (1985) . also assumed for glassy clusters on some Apollo 11 lunar rocks (McKay et al., 1970) .
SUMMARY AND CONCLUSIONS
The 18-km-diameter El'gygytgyn impact crater is located in the central mountainous region of the Chukotka Peninsula, northeastern Russia. The crater is a fl at-fl oored, circular basin, surrounded by an uplifted rim of up to 200 m elevation. The deepest part of the basin is occupied by Lake El'gygytgyn of 12 km diameter.
The crater was formed in a series of Late Cretaceous volcanic rocks, including lavas and tuffs of rhyolitic, dacitic and andesitic composition. The entire sequence of volcanic rocks exposed on the inner walls and outer slopes of the crater rim is more than 600 m thick. The uppermost horizon of the volcanic series comprises rhyolitic ignimbrites of 250 m thickness. Such a target lithology is unique among known terrestrial impact structures and provides a good possibility for the study of shock metamorphic effects in siliceous volcanic rocks.
The volcanic rocks of the crater rim and its slopes do not exhibit shock deformation, and no remnants of ejecta have been preserved around the crater. Shock metamorphosed rock, impact melt rocks and glasses were redeposited at the current erosion level in lacustrine terraces inside the crater and in terraces of some streams on the outer slopes of the rim. Unshocked debris from the rim dominates these lacustrine deposits, whereas impactites occur in subordinate quantity. Most fragments of impactites are not rounded and preserve their initial form and size according to short transportation of impact material by slumping down the slopes of the crater rim. All types of impact rocks are rather fresh and do not contain signs of strong hydrothermal alteration and weathering. Impact rocks found on the terraces are derived from ejecta and fl ows of impact melt on the crater rim and its slopes. Massive bombs of up to several tens of cm in size have been found as well. These rocks have fl own as individual objects through the air and they exhibit signs of aerodynamic ablation.
The stages of shock metamorphism of volcanic rocks and tuffs observed range from weakly shocked rocks to partially and completely melted rocks. The classifi cation scheme of shock metamorphosed crystalline rocks of Stöffl er (1971) was used to classify the shocked siliceous volcanic rocks of the El'gygytgyn crater (Gurov and Gurova, 1979) . Five stages of shock metamorphism and shock melting of siliceous volcanic rocks of rhyolitic to dacitic composition are recognized:
Stage 0: Shock pressures up to 10 GPa. Unshocked and weakly shocked volcanic rocks without any sign of shock metamorphism.
Stage I: Shock pressures of 10 to 30-35 GPa. Tuff and lava contain weakly to moderately shocked phenocrysts and clasts of quartz and feldspars. Stishovite and coesite occur in quartz. Shock metamorphism of the fi ne-grained matrix is not detectable.
Stage II: Shock pressures up to 45 GPa. Phenocrysts and clasts of quartz and feldspars in lava and tuff are converted into diaplectic glasses. Coesite is abundant in diaplectic quartz glass, but stishovite was not determined in diaplectic quartz glass. Groundmasses are isotropic.
Stage III: Shock pressures up to 55-60 GPa. Phenocrysts of diaplectic quartz glass are the last phase that remains unmelted. Coesite is still abundant in diaplectic quartz glass. Feldspar phenocrysts and clasts are melted and have irregular or lensoid, vesicular forms, but mainly preserve sharp contacts with matrix. The matrix is composed of heterogeneous vesicular glass. The most highly shocked rocks of this stage are transitional to the rocks of stage IV.
Stage IV: Shock pressures up to 80 GPa. Impact melt rocks and glasses formed by the complete melting of volcanic rocks. In addition, glassy coatings on inner surfaces of some voids in impact melt rocks were found; these could be the possible product of condensation of the siliceous vapor.
APPENDIX: SAMPLE DESCRIPTIONS
The Appendix lists the petrographic characteristics of rocks from all different shock stages. A number of characteristic petrographic features are illustrated in Figures 17 and 18. Stage 0, Unshocked Rocks G19 (Dark basalt-textured country rock fragment). Porphyro blasts of olivine and aggregates of plagioclase laths occur in a fi ne-grained matrix of plagioclase+pyroxene+mesostasis. Olivine is partially altered to iddingsite, and the mesostasis is also partially altered. Minor fracturing is the only evidence of the very weak deformation of this sample.
E649 (Ignimbrite). Porphyritic rock with phenocrysts of quartz, feldspar, biotite, and rare amphibole in fi ne-grained matrix. Matrix is fl uidal, microcrystalline glass, with very fi ne-grained granular and spherulitic structures. Clasts of recrystallized tuff are abundant.
E649 (Rhyolite). Phenocrysts of quartz, potassium feldspar, plagioclase, biotite, and, rarely, amphibole in brown fl uidal devitrifi ed glass.
E655 (Rhyolitic tuff). Crystal clasts of quartz, plagioclase and potassium feldspar in fi ne-grained groundmass composed of particles of devitrifi ed glass.
3-207a (Porphyritic volcanic rock). The sample contains mediumgrained euhedral feldspar porphyroblasts, minor clinopyroxene, and some euhedral oxides in an aphanitic groundmass. The matrix and some of the porphyroblasts are strongly altered. Some long and narrow vesicles are fi lled with quartz and phyllosilicates. Besides minor fracturing, no shock deformation effects were found.
E1544 (Rhyolitic ash tuff). Groundmass is extensively devitrifi ed glass; some glass particles preserve their initial shapes. Rare mineral clasts are quartz and altered feldspars. Glass particles show subparallel orientation.
E665 (Dark-brown andesitic tuff). Clasts of dark-brown microporphyritic rocks and clasts of andesine and pyroxene in a fi nest-grained clastic matrix.
Stage I, Weakly to Moderately Shocked Rocks
E1032-7 (Moderately shocked rhyolite). Phenocrysts of quartz with PFs and PDFs, n o = 1.548, n e = 1.540, birefringence 0.008; potassium feldspar with decreased refractive indices and birefringence, n γ = 1.516, n α = 1.512; phenocrysts are mostly isotropic; oligoclase (Ab 28 An 72 ) with preserved polysynthetic twins, n γ = 1.533, n α = 1.527; biotite with kink bands; matrix is devitrifi ed microcrystalline fl uidal glass. Shock pressure ~28 GPa.
E1032-8 (Moderately shocked rhyolite, similar to 1032-7). Phenocrysts of quartz with PFs and PDFs, refractive indices: n o = 1.550, n e = 1.541, birefringence 0.009; potassium feldspar with lowered refractive indices; plagioclase (oligoclase Ab 73 An 27 ) preserves polysynthetic twins; biotite forms dark-brown phenocrysts with kink bands; matrix with microgranular texture with fl uidal structures. Shock pressure ~26 GPa.
E699a (Moderately to strongly shocked rhyolite). The rock is dissected by quartz veinlets of up to 1 mm thickness. Phenocrysts and veinlets of quartz are fractured and contain sets of PDFs, n = 1.483 ± 0.003, birefringence ~0.002; potassium feldspar phenocrysts are converted to diaplectic glass; polysynthetic twins preserved in plagioclase phenocrysts. Shock pressure ~32 GPa.
E699-11b (Moderately to strongly shocked rhyolite). Phenocrysts of quartz with sets of PDFs, n = 1.485 ± 0.002, and birefringence of ~0.002; stishovite and coesite were found in quartz; K-feldspar forms phenocrysts of transparent glass with rare bubbles, n = 1.505; oligoclase forms phenocrysts with n γ = 1.528, n α = 1.524, birefringence 0.004. Shock pressure ~32 GPa.
E963-7 (Strongly shocked rhyolite tuff). Phenocrysts of isotropized quartz and feldspar in isotropic groundmass. Quartz is almost isotropic, refractive index is 1.464 ± 0.002, birefringence ~0.003, but relics of PDFs are locally visible; potassium feldspar is completely isotropized; plagioclase forms irregular clasts with refractive indices n γ = 1.522, n α = 1.517 and birefringence ~0.005. The groundmass is gray glass. Shock pressure ~35 GPa. (Completely isotropic volcanic rock) . The original groundmass was either extremely fi ne-grained or even aphanitic. Rare, angular, sometimes rectangular porphyroblasts (presumably feldspar) are likewise converted to diaplectic glass. Some patches of dark oxides occur, in part intermingled with a glass phase that contains numerous tiny fl uid inclusions. A handful of crystalline feldspar blasts has strongly reduced birefringence. No PDFs observed in remnant crystalline patches of clasts.
Stage II, Strongly Shocked Rocks

E699-33B
E908-73 (Porphyritic volcanic rock). The sample is similar to 3-207a, but stronger secondary alteration and also stronger shock deformation. Feldspar porphyroblasts are partially converted to maskelynite; clinopyroxene shows local twinning (that was not seen in the unshocked sample of this rock type). Extensive fracturing to local brecciation of large crystals. Twinning and intense cleavage in clinopyroxene occurs on (010) crystal faces. Some feldspar is shock melted and recrystallized.
E908-74 (Altered and strongly shocked volcanic rock). The sample contains large feldspar porphyroblasts in a glassy matrix. Feldspar blasts are completely transformed to maskelynite. Several dark blobs are probably relics of primary opaque minerals (magnetite or ilmenite). Blasts and groundmass are partially converted to secondary phyllosilicates.
E963-4 (Strongly shocked volcanic rock). The sample contains numerous euhedral to subhedral plagioclase crystals that are mostly (>90%) converted to maskelynite. The groundmass is dark-gray and presumably mafi c, and completely glassy. The fabric with strong alignment of porphyroblasts in thin bands is suggestive of an origin of this rock as a tuff. Some relics of possibly sphene are noted. In places, fused glass occurs with fl ow structures. Some glass is greenish (after clinopyroxene?). At the scale of a whole thin section, the sample has a distinct lamination.
E963-5 Similar to E963-4, but the layering and/or lamination is less distinct, as there are several lensoid zones intercalated with lamellar zones. The mineralogy and shock degree are the same as for the other sample. Many feldspar (maskelynite) grains are quite angular, similar to crystal fragments in a tuff. Still crystalline feldspar blasts show intense internal deformation (largely unresolvable with the optical microscope) involving some dense arrays of PDFs.
E988-2 (Strongly shocked rhyolitic tuff). Clasts of quartz and feldspar are embedded in an isotropic groundmass. Quartz is converted into diaplectic glass with n = 1.462. Coesite occurs very rarely in diaplectic glass. Clasts of potassium feldspar are diaplectic glass with rare voids; its refractive index is n = 1.505 ± 0.002. Plagioclase clasts have preserved polysynthetic twins; their refractive indices are n γ = 1.527, n α = 1.522, birefringence is 0.005; some areas in plagioclase grains are isotropized; the groundmass is isotropic.
E987-11 (Strongly shocked rhyolitic tuff). The sample has open cracks; the initial structure is partly preserved. Clasts of diaplectic quartz glass (n = 1.463) contain coesite. Potassium feldspar is converted into diaplectic glass (n = 1.505 ± 0.001), with vesicles in central parts of clasts; plagioclase (oligoclase Ab 75 An 25 ) has refractive indices of n γ = 1.528, n α = 1.525, a birefringence of 0.003, and polysynthetic twins are preserved. 
E908-64 (Strongly shocked ignimbrite)
. Relics of porphyritic structure are preserved. Phenocrysts of quartz and feldspars are converted into diaplectic glasses; most plagioclase phenocrysts are converted into maskelynite, but some grains still preserve a low birefringence.
Stage III, Partially Melted Rocks E908-6 (Strongly shocked, partially melted rhyolite). In hand specimen, it is a fi ne-grained, vesicular, dark-gray rock that retains primary porphyritic structure. White vesicular phenocrysts of feldspar are visible in a dark matrix. In thin section, phenocrysts of diaplectic quartz glass with coesite and melt glasses of feldspar occur in a melted vesicular matrix. Feldspars have formed vesicular, colorless glass that preserves the initial shapes of the phenocrysts. The matrix is composed of vesicular gray glass. Dark opaque areas in glass are remnants of biotite.
E908-11 (Strongly shocked and partially melted ash tuff). In hand specimen, the rock is highly porous with rare white mineral clasts. In thin section, the groundmass is composed of vesicular fl uidal glass; rare clasts are diaplectic quartz glass with coesite, and strongly vesiculated feldspar glass.
E908-16 (Strongly shocked and partially melted rhyolitic tuff). The hand specimen is vesicular, layered rock with gray and light-gray layers up to 3 mm wide. Relics of feldspar clasts form lens-like, white grains. In thin section, clasts of diaplectic quartz glass with coesite are observed; feldspars are converted to highly vesicular, transparent (fused) glass of lensoidal shapes; the groundmass is a gray, vesicular, fl uidal glass.
E699-15B (Strongly shocked and partially melted volcanic rock). The hand specimen is a highly vesicular, porous rock of low density with rare light crystal clasts. In thin section, grains of diaplectic quartz glass exist that contain coesite veinlets; feldspar grains are converted into very porous masses of colorless glass. The matrix is a gray, vesicular, fl uidal glass with bands of opaque glass.
Stage IV, Impact Glass and Melt Breccias G4 (Pumice-like impact glass). The sample contains diaplectic mineral clasts and relatively few crystalline clasts. Clasts are generally very small. Groundmass glass shows some small birefringent needles as indication of beginning crystallization. Glass is slightly altered. The color of the glass is generally gray, but it contains several centimeterlong schlieren of colorless glass that could represent original silicarich areas. The fabric of this sample is that of a laminated tuff. There are also a few darker bands in the glass that could originally have been some mesocratic material. The rare crystalline clasts all have very low birefringence. Some resemble toasted quartz, and some unshocked relics of plagioclase are also present. Dark-brown elongated patches are probably relics after a mafi c mineral such as biotite.
G10a (Fluidal-textured impact glass). The specimen contains several large (0.5 cm) clasts that are themselves fl uidized melt, but which still form aggregates of relic crystals held together by light-colored schlieren of feldspathic and/or silica-rich glass. Relic clasts are quartz and plagioclase and represent ~25-35 vol% of the sample. All these clasts are unshocked. Some of these feldspar relics are entirely replaced by carbonate. Vesicles in groundmass are fi lled with nontronite and/or calcite. Mafi c minerals are largely oxidized (Fig. 17D) . Some large quartzitic aggregates resemble the completely annealed quartz clasts in the Vredefort Granophyre. Amphibole clasts are complexly altered and replaced by carbonate and chlorite as well as oxides. Biotite is oxidized and dusted with opaques. A shocked biotite crystal shows growth of opaque needles, obviously from a melt phase. Roundish vesicles in this phase are partially fi lled with secondary minerals. Thus, a dichotomy of shock deformation is observed-unshocked/ weakly shocked clasts and melt phases. G11 (Impact glass). Completely isotropic, well-laminated sample, which may originally have been a tuff. Very thin laminae occur, and some of them contain reddish alteration and/or oxidation products. Some laminae are very vesicular, presumably because they contained a hydrous mineral. No remnants of crystalline material are observed. In some narrow bands, devitrifi cation and/or alteration has begun, and tiny needles of a birefringent mineral have formed.
G12 (Fluidal impact glass). Light-beige sample with several marginal pockets of suevitic breccia. In transparent parts, this glass is similar to G13 and E908-55, but it also has several brownish, more mafi c schlieren, and a few crystalline relics are embedded in the brownish, oxide-phyllosilicate matrix (Fig. 17E) . The sample contains a dark-gray clast (zircon or perhaps sphene?) of a strongly tempered, unidentifi ed mineral that is surrounded by an isotropic halo of high refractive index glass. The breccia at the sample margin consists of crystalline fragments in a partially melted granitoid clast. This clast includes several quartz grains that contain multiple sets of PDFs, and a brownish glass patch in the shape of the precursor crystal (presumably biotite) set in a fi ne-grained, phyllosilicate rich groundmass that also carries tiny mineral clasts, including K-feldspar with PDFs.
G13 (Clear impact glass). Similar to E908-55, but has far less inclusions and only a few vesicles fi lled with secondary minerals.
G14 (Vesicular impact glass). Clasts are recognizable in planepolarized light but are completely isotropic in cross-polarized mode: they are entirely converted to diaplectic glass. A few tiny relics of crystalline biotite and some oxide relics are observed. There are also schlieren of black oxides, presumably relics of amphibole and opaque minerals. Locally, incipient devitrifi cation of glass is observed, also along the edges of some vesicles where a volatile phase must have reacted with the glass host. A second section marked G14 represents clear glass with only very rare fl uid inclusions, identical to G32 below. G25/1 (Variegated impact glass). Clear, light-gray and dark-gray, and brownish glasses alternate in millimeter-wide schlieren (Fig. 18D) . These glasses are strongly devitrifi ed (crystallized), with this effect ranging from holocrystalline to only rare microliths in patches of glass. Often, microliths combine to form plumose aggregates. Some local patches of melt of irregular to roundish shapes are related to individual melt phases from clastic components including lithic fragments, as derived from rare mineral remnants in some of such patches. One patch comprises a remnant of crystalline feldspar, a part of which has been melted (the glass contains many tiny fl uid inclusions).
G32 (Impact glass). This clear transparent sample contains a few "droplets" of dark-brown, oxidic material that sometimes occurs in narrow trails (Figs. 17A and 17B ). Fluid inclusions are also present. At the edge of the thin section, a more heterogeneous patch (probably a melted lithic fragment) with vesicles, remnants of biotite, and some oxides. There are also a few felsic patches in the sample that represent partially melted, partially diaplectic felsic minerals.
E669-820 (Impact melt breccia). The sample is composed of several types of glass and/or melt fragments, including a clear felsic melt and a dark and highly vesiculated variety that is also altered to a small degree. In contrast to the impact glasses described above, this sample has experienced a signifi cant degree of devitrifi cation resulting in growths of tiny needle-shaped crystals (pyroxene?). A single inclusion in the form of a dark-brown "blob" probably represents a melted biotite grain. There are several felsic diaplectic glass inclusions (Fig. 17C) .
E689 (Impact melt glass). This is a drop-like bomb with striated surface, 7.7 × 14.0 × 14.5 cm. The glass appears black on fresh surfaces. Colorless fl uidal glass has rare bubbles and very rare inclusions of lechatelierite.
E696 (Black glass). Colorless, fl uidal glass with rare inclusions of lechatelierite up to 1 mm in size. Round voids in glass are up to 0.5 mm.
E908-21B (Highly vesicular impact glass). The sample comprises mostly clear glass, but locally small patches or schlieren occur of yellowish-brownish, even greenish glass. Flow structures are restricted to small areas. A few vesicles are fi lled with fi nest-grained and unidentifi ed secondary minerals-mostly phyllosilicate. The sample is nearly hyaline; the only crystalline particle observed is a partially diaplectic feldspar grain. Otherwise, no diaplectic glass clasts exist. This sample is very fresh, with crystallization and/or alteration basically confi ned to the rare greenish schlieren.
E908-55 (Impact glass). This is a clear glass with rare inclusions (diaplectic glass, lechatelierite, some oxide particles, fl uid inclusions, a single patch of sericite fl akes, a few annealed microclasts), similar to G32 and G14. It contains relatively few vesicles.
E985-101 (Glass bomb sample with prominent fl ow-banding). Vesicles are well aligned in individual bands and intermingled with dark (oxide-rich) schlieren, suggesting that the narrow bands could have been mesocratic (mafi c mineral enriched) bands in a fi nely laminated tuff (Fig. 18C) . At one edge of the section, a remnant of a microclast rich zone (presumably the suevitic material in which the bomb was embedded). Some glass schlieren form intricate fold structures. A few crystalline microclasts, mostly quartz, occur. There is no evidence of devitrifi cation or alteration. A few vesicles have crystalline fi lls of unidentifi ed minerals.
E699-37 (Dark-gray impact melt rock). Clasts of gray, vesicular glass and strongly shocked volcanic rocks up to 7 cm in diameter are visible in hand specimen. Mineral inclusions are lechatelierite and diaplectic quartz glass. Impact melt is gray, semi-transparent devitrifi ed glass with prismatic microliths of pyroxene. The inner surface of lenslike voids in impact melt glass is coated with white and colorless glass of probable condensation origin (see text for discussion).
E669-1 (Dark-gray impact melt rock). This impact melt rock comprises vesicular, semi-transparent devitrifi ed glass, with abundant clasts of strongly shocked volcanic rocks and vesicular glasses. Mineral clasts are lechatelierite and diaplectic quartz glass with coesite. E900-12 (Devitrifi ed, light-gray impact melt breccia). Melt of variable gray tones with well-developed schlieren structure of <1 mm to >5 mm spacing. These melts are basically completely crystallized to aggregates of tiny laths of what is probably pyroxene. Several clasts of ballen quartz are noted, in places melted and/or annealed (Fig. 18F) . Also, several clasts of lithic, probably granitoid-derived material are in part completely melted or may still show some small, angular quartz and feldspar relics in melt. These fragments are not diaplectic and do not contain PDFs. But most of them have somewhat reduced birefringence. One large lithic clast has a quartz fragment with mosaicism, as well as several smaller felsic and mafi c remnants with some melt and patches of oxidized material.
G1-2 (Impact melt breccia). The sample is macroscopically similar to G25/2, but shows more schlieren. Schlieren are characterized by very different colors including clear, light and dark brown, and greenish. Some parts of the glass groundmass are devitrifi ed (microliths). The clast content varies, but is generally high (~20 vol%). The specimen includes unshocked, euhedral feldspar crystals, totally melted felsic and mafi c (dark-brown) glass fragments, a completely oxidized mafi c phase with small feldspar laths (microporphyritic texture) in dark-brown, oxidized groundmass that also contains some angular, unshocked quartz and feldspar fragments; largely annealed diaplectic quartz, one shock fractured (not the typical straight PFs), large fragment of porphyritic volcanic with melted matrix and unshocked porphyroblasts of plagioclase and clinopyroxene; a lot of diaplectic quartz glass, some clasts of which have local veins of annealed melt. A large fragment of granitoid with melted and oxidized remnants of biotite and felsic-presumably feldspathic-melt; has a large angular feldspar crystal with three sets of likely (narrow-spaced) shock-induced cleavage. Locally, the groundmass to this sample has fl ow structures.
G17 (Pinkish impact melt breccia). The sample is shown in Figures 18A and 18B . The coloration is the result of alteration of dark glass schlieren. The glass displays a prominent fl ow-banding. Mafi c minerals in clasts are oxidized, but some entirely fresh biotite occurs as well. Alkali feldspar is locally "boiled," with some of the resulting melt zones having been strongly altered. Ghost clasts still preserve some original textures, indicating that both granitoid and a tuffaceous phase were precursor rocks. Few diaplectic quartz and feldspar glass fragments and very rare felsic mineral clasts with strongly reduced birefringence (probably feldspar) occur. No PDFs were observed. One fi nds a predominance of unshocked mineral and rare lithic clasts. Even in very fresh and apparently undeformed biotite crystals, there may be narrow zones parallel to (010) that are melted and/or oxidized. Some feldspar crystals are strongly zoned, as observed in some of the samples of unshocked porphyritic volcanics.
G18 (Altered impact melt breccia). The specimen resembles Onaping breccia samples from the Sudbury impact structure. The matrix is cryptocrystalline and/or holocrystalline. In the matrix, distinctive areas can be recognized in cross-polarized light that are ghost clasts-entirely melted and fi nest-grained recrystallized material. In places, the matrix is fl uidal-textured. Clasts are derived from granitoid precursors. In some ghost clast areas, in plane-polarized light, ballen-texture is recognizable. Feldspar is strongly altered, in clasts, to sericite and carbonate, plus some other, yet unidentifi ed brownish phyllosilicate. Remnants of mafi c minerals are likely after biotite and amphibole (and are partially oxidized). Some fragments are partially melted and exhibit melt trails of fi nest-grained devitrifi ed glass into matrix. Some vesicles are noted in groundmass and are fi lled with chlorite and nontronite. Quartz and K-feldspar crystals in clasts or as clasts are mostly unshocked or barely shocked and only display fracturing. Some K-feldspar crystals, however, appear "boiled" with local melt pockets. Many of the larger, altered feldspar blades were also melted. In summary, most of the clasts are unshocked or hardly shocked, but there is a signifi cant proportion of clasts with melting effects. PDFs and diaplectic glass are absent.
G21 (Impact melt breccia). The reddish specimen is composed of several melt phases. A glassy matrix contains angular glass clasts. The matrix is very fragment-rich, containing both angular mineral as well as roundish glass clasts. The glass clasts in part contain microliths. The entire assemblage is isotropic. Thus, the sample is an impact melt breccia with impact glass and diaplectic mineral clasts. Microliths in clasts are generally plagioclase laths, sometimes showing H-shapes (Carstens, 1975) . Ovoid inclusions are fi lled with polycrystalline material, often in radial growths, and likely represent silica-fi lled vesicles. However, the section is too thin to verify this optically. A few relic crystalline clasts are noted, including some K-feldspar with parallel internal features that could represent PDFs. Some glass clasts are altered to chlorite.
G23 (Glassy matrix breccia). The sample has a clast population of 40-50 vol%. Clasts range from unshocked quartz and feldspar fragments to completely melted felsic mineral clasts and ghost clasts after lithic clast precursors (Fig. 17F) . The groundmass is cryptocrystalline. Mafi c minerals (mostly biotite) are strongly oxidized or still relatively fresh but then appear bleached ("boiled"). Some alkali feldspar clasts are partially melted. Kink bands in biotite occur occasionally. No PDFs-no diaplectic glass is recorded.
G25/2 (Impact melt breccia). Partially crystallized (microliths) impact melt with numerous, partially melted and partially crystalline clasts derived from a feldspar porphyric volcanic. A few large quartz clasts are weakly shocked (irregular fracturing). Melt phases in clasts are often annealed. Some of the remaining crystalline porphyroblasts have reduced birefringence, but do not exhibit diaplectic glass or PDFs. The melt groundmass to this sample is slightly altered in brownish patches and some microliths are also altered. This groundmass is strongly vesicular. Note that another section of G25 (G25/1) has been classifi ed above as impact melt. It is not clear what the relationship between these two portions of G25 is.
E963-12 (Polymict lithic impact breccia). Very fi ne-grained matrix is full of fi ne-grained clasts (clast size covers the entire range from submicroscopic to several 100 µm); in addition, at least 50 vol% of this sample are larger clasts. Most of them are medium-grained quartz and feldspar clasts of all kind of shapes from well rounded to angular. Clasts are generally shocked, with shock degrees ranging from weak (fracturing only) to moderate (several systems of PDFs) to strong (beginning and pronounced formation of diaplectic glass). The numerous quartz fragments with PDFs have mostly three or more systems. More than 6 systems per grain have been noted repeatedly. PDFs are set very densely (Fig. 18E) . This effect also results in a strong reduction of birefringence, with many grains appearing nearly isotropic. Several smallscale melt bombs of dark brown or gray color occur as well and have elongated shapes. Feldspar and maskelynite are considerably altered. A single large grain of sphene occurs and has a globular domain texture, a strongly reduced birefringence, and several sets of PDFs. A few feldspar crystals exhibit local melting and annealing.
